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Neural crest cells comprise a multipotent, migratory cell population that generates a diverse array of cell
and tissue types, during vertebrate development. Enteric Nervous System controls the function of the
gastrointestinal tract and is mainly derived from the vagal and sacral neural crest cells. Deregulation on
self-renewal and differentiation of the enteric neural crest cells is evident in enteric nervous system
disorders, such as Hirschsprung disease, characterized by the absence of ganglia in a variable length of
the distal bowel. Here we show that Geminin is essential for Enteric Nervous System generation as mice
that lacked Geminin expression speciﬁcally in neural crest cells revealed decreased generation of vagal
neural crest cells, and enteric neural crest cells (ENCCs). Geminin-deﬁcient ENCCs showed increased
apoptosis and decreased cell proliferation during the early stages of gut colonization. Furthermore, de-
creased number of committed ENCCs in vivo and the decreased self-renewal capacity of enteric pro-
genitor cells in vitro, resulted in almost total aganglionosis resembling a severe case of Hirschsprung
disease. Our results suggest that Geminin is an important regulator of self-renewal and survival of enteric
nervous system progenitor cells.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
The enteric nervous system (ENS) is derived from the neural
crest (NC), a migratory cell population that is generated along the
axis of the neural tube (NT) shortly after NT closure (Sauka-
Spengler and Bronner-Fraser, 2008; Taraviras and Pachnis, 1999),
and divided into the cranial, vagal, sacral and trunk crest (Burns
and Douarin, 1998; Durbec et al., 1996; Taraviras and Pachnis,
1999). The vagal NCCs are progenitors of the ENS and are termed
Enteric Neural Crest-derived Cells (ENCCs). As ENCCs migrate
along the developing gut they respond to proliferative signals, in
order to increase their numbers (Gianino et al., 2003). At the same
time, subpopulations of ENCCs undergo lineage restriction, and
subsequently differentiate into a variety of phenotypically distinctatras, Basic Medical Sciences
26504 Patras, Greece.
iras).
UCL Institute of Child Health,neurons and glial cells. A fully colonized gut, that contains the
appropriate number of diverse neuronal and glial cell types, is
required for the peristaltic activity of the gut wall. Studies in chick
embryo have shown that if the initial number of NCCs is reduced,
the gut fails to become fully colonized, resulting in colonic agan-
glionosis (Barlow et al., 2008; Burns et al., 2000; Yntema and
Hammond, 1954). A series of studies in mice show that reduction
in the number of enteric progenitors leads to a decrease in neuron
number throughout the length of the gut (hypoganglionosis), or at
the terminal gut (colonic aganglionosis) (Heanue and Pachnis,
2007; Laranjeira and Pachnis, 2009). Therefore, the development
of the ENS is a complex, well-organized process that depends on
the regulation of ENCCs proliferation and differentiation.
Geminin has been implicated in proliferation–differentiation
decisions through balanced interactions with multiple binding
partners (Karamitros et al., 2011, 2010b; Kroll, 2007). It was ﬁrst
characterized as a DNA replication inhibitor and as a regulator of
neuronal differentiation (Kroll et al., 1998; McGarry and Kirschner,
1998). Geminin inhibits cell cycle progression by binding to the
licensing factor Cdt1 (Tada et al., 2001; Wohlschlegel et al., 2000).
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studied in different organisms. Overexpression of Geminin induces
expansion of the neural plate and ectopic neurogenesis at the
expense of epidermis in early stages of Xenopus and Drosophila
embryogenesis (Kroll et al., 1998; Quinn et al., 2001). Geminin is
also expressed in neural progenitors of the developing central
nervous system but not in their differentiated progeny, while it
was shown to regulate cortical progenitor number and ultimately
neuron generation (Spella et al., 2007, 2011). Furthermore it has
been suggested that Geminin regulates hematopoietic stem cell
fate commitment and mature T-cell proliferation (Karamitros
et al., 2011, 2010a, 2015; Ohtsubo et al., 2008).
Given the critical role of self-renewal and differentiation during
ENS generation, we examined the role of Geminin on the ability of
ENCCs to proliferate and differentiate into neurons and glial cells.
We show that conditional inactivation of Geminin in NCCs at early
stages of development leads to intestinal aganglionosis, a pheno-
type that is reminiscent of the Hirschsprung's disease in humans,
as a result of reduced number of ENCCs due to defects in self-re-
newal and increased apoptosis.2. Materials and methods
2.1. Animals
Conditional inactivation of Geminin was carried out using a
mouse line in which exons 3 and 4 of the Geminin gene were
ﬂanked by loxP sites (GemininFl/Fl), permitting the conditional
inactivation of Geminin upon Cre expression (Karamitros et al.,
2010a; Mantamadiotis et al., 1998). The TgWnt1-Cre transgene (Da-
nielian et al., 1998) was used to delete the Geminin ﬂoxed allele
speciﬁcally in NCCs, and in order to fate map NCCs, mice in which
a STOP-YFP cassette was introduced by homologous recombination
in the ROSA26 locus were used (Srinivas et al., 2001). Mice and
embryos were genotyped for the different Geminin alleles by
polymerase chain reaction (PCR) using speciﬁc primers (Karami-
tros et al., 2010a). The TgWnt1-Cre transgene was also detected by
PCR using the following PCR primers: Cre forward 5′-AGGTGTA-
GAGAAGGCACTCAGC-3′ and Cre reverse 5′-CTAATCGCCATCTTC-
CAGCAGG-3′. All animal related procedures were approved by the
Veterinary Administrations of the Prefectures of Achaia, Greece
and were conducted in strict accordance with EU Directive.2.2. Histology of embryos
Embryos were processed for either sectioning or whole mount
immunolabeling. E9.5–E11.5dpc mouse embryos were ﬁxed in
freshly prepared 4% PFA pH 7.4 for 16 h at 4 °C, washed several
times with PBS and cryoprotected in 30% sucrose overnight. The
embryos were then embedded in 7.5% gelatin:15% sucrose and
cryosectioned (Leica) at a thickness of 10 mm. Whole guts were
dissected from E14.5 embryos and ﬁxed in freshly prepared 4% PFA
for 2 h at 4 °C before processing for immunoﬂuorescence.
2.3. Short term cultures
Short term cultures of the entire gut tissue from different de-
velopmental stages (E11.5–E18.5dpc) were generated as previously
described (Bondurand et al., 2003). Cultures were maintained for
up to 3 h in a 37 °C incubator in an atmosphere of 5% CO2 to allow
cells to attach to the dish prior to ﬁxation. Immunohistochemistry
was performed as described below.2.4. Immunohistochemistry
The sections were post-ﬁxed with 4% PFA for 10 min at room
temperature, washed with PBS and permeabilized with 0.3% Tri-
ton-X 100 in PBS. After incubation with blocking solution [0.1%
Tween 20, 10% fetal bovine serum and 3% bovine serum albumin
(BSA, Sigma) in PBS], for at least 1 h at room temperature, sections
were treated overnight at 4 °C with the primary antibodies diluted
in blocking solution. The antibodies used for immunoﬂuorescence
were rabbit anti-Geminin (1:1500, described (Spella et al., 2007;
Xouri et al., 2004)), rabbit anti-Green Fluorescent Protein (GFP)
(1:500, Invitrogen); mouse anti-GFP (1:500, Invitrogen); rat anti-
GFP (1:500, Nacalai Tesque, Inc), mouse anti-tubulin βIII (Tuj1)
(1:1000, Sigma), goat anti-Sox10 (Santa Cruz Biotechnology Inc,
1:50), goat anti-Ret (1:300, Neuromics), rabbit anti-Phox2b (1:800,
a gift from C. Goridis, Ecole Normale Supérieure, Paris, France),
mouse anti-Mash1 (1:10, provided by F. Guillemot), mouse anti-
HuC/D (1:200, Invitrogen), rabbit anti-Tyrosine Hydroxylase (TH)
(1:300, Chemicon), rabbit anti-neuronal Nitric Oxide Synthase
(nNOS) (1:200, Invitrogen), rabbit anti-Brain Lipid-Binding Protein
(BFABP) (1:400, Millipore) and rabbit anti-Glial Fibrillary Acidic
Protein (GFAP) (1:1000, Dako). After washing, sections were in-
cubated at room temperature for 1 h with secondary antibodies
goat anti-rabbit and anti-mouse Alexa Fluor 488 and 568, Alexa
Fluor 488 donkey anti-rat and Alexa Fluor 568 donkey anti-goat
(all at 1:1000, Invitrogen). The speciﬁcity of the staining was de-
termined by omitting the primary antibodies. Sections were
counterstained with either Toto-3 (Invitrogen) or Hoechst (Sigma)
and mounted in Mowiol 4-88 (Calbiochem).
2.5. TUNEL staining
TUNEL staining was performed according to the manufacturer's
instructions (Chemicon). Immunostaining with GFP was per-
formed before TUNEL staining, as described above, followed by
10 min post-ﬁxation with 4% PFA. Samples were mounted with
Vectashield with DAPI (Vector Laboratories, Peterborough, UK).
2.6. Bromo-deoxy-uridine (BrdU) labeling
For BrdU incorporation experiments, pregnant females at E9.5
and E10.5dpc were injected intraperitoneally with BrdU (Sigma) at
100 mg/g of body weight and sacriﬁced after 1 h. Embryos were
ﬁxed and processed as described above for sectioning followed by
immunoﬂuorescence for GFP (see above). Sections were post-ﬁxed
for 10 min at room temperature with 4% PFA, followed by a 30 min
treatment in freshly prepared 2 N HCl at 37 °C, before incubating
overnight at 4 °C with the primary antibody, rat anti-BrdU (1:20,
Oxford Biotechnology). Alexa Fluor goat anti-rat 568 (Invitrogen)
at a dilution of 1:1000 was used as a secondary antibody.
2.7. Generation of Neurosphere-like-bodies (NLBs) and ENS Pre-
cursor Cells (EPCs)
Protocols to generate Neurosphere-Like Bodies (NLBs), sphe-
rical structures suggested to be niches for ENS Precursor cells
(EPCs), isolation of EPCs and clonogenic cultures of EPCs have been
described previously (Bondurand et al., 2003). The number of
primary and secondary spheres was counted under the micro-
scope. The ratio of secondary (2°)/primary (1°) spheres was mea-
sured by dividing the number of secondary spheres to the number
of primary spheres that were generated in each sample. Mutant
2°/1° ratio was normalized to the control ratio to show the relative
frequency of secondary sphere formation.
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Images were acquired with Leica TCS SP5 and Bio-Rad (Rich-
mond, CA, USA) confocal microscopes. Photographs were also ta-
ken with a Nikon Eclipse TE2000-U microscope and collected with
a Nikon Digital Sight DS-L1 camera. Digital images were processed
using Adobe Photoshop software.
2.9. Neural crest cell (NCC) explant culture
The protocol for NCC explant cultures was modiﬁed
from Mundell and Labosky (2011) and Stemple and Anderson
(1992). Brieﬂy, vagal neural tube (from mid-otic placode to somite
seven) of embryos E9.0–9.5dpc were isolated by microdissection
and dissociated from surrounding tissues with collagenase/dispase
(Roche). Explants were cultured in wells coated with 40 mg/ml
Fibronectin (Sigma) in self-renewal medium: Dulbecco's modiﬁed
Eagle's medium low glucose (DMEM, Invitrogen), 30% neurobasal
medium (Invitrogen), 15% chick embryo extract (CEE), 2% B27
supplement (Invitrogen), 1% N2 supplement (Invitrogen), 117 nM
retinoic acid (Sigma), 50 mM β-mercaptoethanol (Sigma), 20 ng/ml
insulin-like growth factor (IGF) 1 and 20 ng/ml basic ﬁbroblast
growth factor (bFGF) (Peprotech). After 48 h, neural tubes were
physically removed, cells were ﬁxed with 4% PFA and subjected to
immunoﬂuorescence staining as described earlier.3. Data analysis
All the data presented here were obtained from at least three
sets of control and Geminin-deleted embryos/guts from at least
two different litters of mice. Special care was taken to analyze
corresponding regions and ﬁelds between the different embryos.
The results are given as mean7STDEV and the statistical sig-
niﬁcance was based on the Student's t-test, with *Po0.05,
**Po0.01 and ***Po0.001.4. Results
4.1. Generation of mice lacking Geminin in neural crest cells
In order to verify whether Geminin was expressed in NCCs, its
expression was initially examined by immunoﬂuorescence. Mice
carrying the TgWnt1-Cre transgene (Danielian et al., 1998) as well as
Rosa26StopYFP (Srinivas et al., 2001) were used to mark the NCCs
and their derivatives in the developing embryos. Double im-
munolabeled cells with anti-GFP antibody and anti-Geminin an-
tibody identiﬁed NCCs expressing Geminin. At E10.5dpc double
positive cells were identiﬁed in NC-derived ganglia of the PNS,
such as DRGs (dorsal root ganglia) and sympathetic ganglia, and in
NCCs migrating towards the developing gut and heart (Fig. 1A,C,E
and G).
Therefore, these results suggested that Geminin is expressed in
the early migrating NCCs as well as in a large proportion of mi-
grating NCCs, including those that colonize the gut. It has been
shown previously that Geminin regulates self-renewal and differ-
entiation decisions in stem and progenitor cell populations (Kar-
amitros et al., 2015; Kroll et al., 1998; Spella et al., 2011). In order
to examine the in vivo role of Geminin in NCC generation, main-
tenance and differentiation, we used mice that permitted the
conditional inactivation of the mouse Geminin gene (GemininFl/Fl)
(Karamitros et al., 2010a), that were crossed with mice carrying
one functional and one null allele for Geminin (GemininWT/KO), as
well as the TgWnt1-Cre transgene and the ﬂuorescent lineage mar-
ker Rosa26StopYFP. GemininFl/KO;TgWnt1-Cre;Rosa26StopYFP embryoswere used as experimental (referred to as Fl/KO;Wnt1Cre;R26),
while Floxed/WT animals with or without Cre transgene litter-
mates, GemininFloxed/WT;TgWnt1-Cre;Rosa26StopYFP were used as
"control animals” (referred to as Fl/WT;Wnt1Cre;R26).
Ablation of Geminin expression was conﬁrmed by immuno-
ﬂuorescence experiments performed on transverse sections de-
rived from E10.5dpc Fl/KO;Wnt1Cre;R26 and control embryos.
Geminin expression was detected in GFPþ NCCs migrating to-
wards gut in control Fl/WT;Wnt1Cre;R26 mice (Fig. 1A and C), as
well as in the other regions where Geminin is normally expressed,
such as in the proliferating cells of the neural tube (Fig. 1A),
whereas in Fl/KO;Wnt1Cre;R26 mice, Geminin was almost un-
detectable or absent in NCCs of the gut (Fig. 1B and D) as well as in
dorsal root, sympathetic ganglia (data not shown) or NCCs mi-
grating into the developing heart, (Fig. 1E–H). This suggests that
Geminin was efﬁciently ablated in the NCCs of Fl/KO;Wnt1Cre;R26
mice.
4.2. Deletion of Geminin from NCCs leads to decreased number of
enteric progenitor cells resulting in intestinal aganglionosis
Macroscopic examination of Geminin mutant embryos showed
that cranial NC derivatives are affected by the absence of Geminin,
however our subsequent analysis was focused on defects in the
generation of ENS. The ENS is entirely derived from NCCs. Vagal
NCCs emanate from the NT at E8.5dpc and migrate ventromedially
until they reach the foregut at E9.0dpc. As NCCs enter the foregut
and become restricted to the enteric lineage (ENCCs), they migrate
rostrocaudally in order to gradually colonize the developing gut
and form the ENS (Sasselli et al., 2012).
The distribution of NCC that lack Geminin expression has been
examined in two different stages of the same population by im-
munoﬂuorescence. An early stage of the NCC population (refer to
as “early NCC”) which migrates ventromedially from the neural
tube at the level of somites 1–7, and consists of enteric as well as
cardiac NCCs, and the population of NCCs which enters the gut at
the level of the dorsal aorta and generates the entire ENS (refer to
as “gut NCC”). The GFPþ NCCs of Fl/WT;Wnt1Cre;R26 (control)
and Fl/KO;Wnt1Cre;R26 (mutant) embryos were counted on
transverse sections corresponding to the same level across the NT.
Number of GFPþ NCCs in mutant embryos was measured as
percentage of the GFPþ NCCs in control embryos. At E9.5dpc, our
results showed a 24.7% decrease of “early NCCs” that lacked Ge-
minin and a greater decrease of 70% of NCCs that have entered the
gut (“gut NCCs”) (Fig. 2A–C). A similar reduction of “gut NCCs” is
also maintained at E10.5dpc (Fig. 2D–F), along the entire length of
the foregut.
The enteric NCCs once in the gut, migrate extensively and co-
lonize the entire length of the gut, a process that is completed by
E14.5dpc (Young et al., 1998). We isolated the entire gastro-
intestinal (GI) tract from Fl/WT;Wnt1Cre;R26 and Fl/KO;Wnt1Cre;
R26 embryos at E14.5dpc and performed whole-mount immuno-
ﬂuorescence experiments, using antibodies against GFP (in order
to label all YFPþ NCCs) and TuJ1, a pan neuronal marker to label
the neuronal derivatives. YFPþ NCCs had completely colonized
the developing gut in the control embryo (Fig. 3A–E″), whereas in
guts derived from Fl/KO;Wnt1Cre;R26 embryos, the front of mi-
gration had not signiﬁcantly progressed from the stomach reach-
ing at the most, the proximal part of the midgut (Fig. 3F–J″). YFPþ
and TuJ1þ cells lacking Geminin expression did not progress
further from the middle part of the midgut at E18.0dpc (data not
shown). In summary, our data showed that speciﬁc deletion of
Geminin in NCCs led to decreased number of NCCs entering the
gut, which in turn resulted in reduced colonization of the GI tract
and subsequent intestinal aganglionosis.
Fig. 1. Expression of Geminin in E10.5 embryos and veriﬁcation of the conditional inactivation in neural crest cells (NCCs). Transverse sections derived from E10.5dpc control
mouse embryos (Fl/WT;Wnt1Cre;R26) were immunolabeled using antibodies against GFP (green, NCCs) and Geminin (red). Geminin expression was detected in the pro-
liferating cells of the neural tube (nt), in dorsal root (DRG) and sympathetic ganglia, NCCs migrating to the developing gut (A, C) and heart (E, G). Similar staining of Fl/KO;
Wnt1Cre;R26 embryos veriﬁed the conditional inactivation of Geminin in the neural crest cells migrating into the developing gut (B, D) and heart (F, H). Photos C, D and G, H
are higher magniﬁcations (40x) of the boxed area shown in photos A, B and E, F (20x) respectively. Magniﬁcations of the boxed areas in photos C, D, G, H are shown in the
insets. Arrows show GFP/Geminin double positive cells, and arrowheads show GFP positive/Geminin negative cells. Scale bars: 100 μm (A, B, E, F) and 50 μm (C, D, G, H).
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Fig. 2. Mice lacking Geminin expression show decreased number of NCCs. Transverse sections derived from E9.5dpc (A–B′) and E10.5dpc (D–E′) Fl/WT;Wnt1Cre;R26 and Fl/
KO;Wnt1Cre;R26 mouse embryos were immunolabeled using anti-GFP speciﬁc antibody (green). Graphs show the percentage of GFPþ cells at E9.5 (C) and E10.5 (F) in Fl/
WT;Wnt1Cre;R26 and Fl/KO;Wnt1Cre;R26 mice as a percentage of GFPþ cells in Fl/WT;Wnt1Cre;R26 mice. The number of early migrating GFPþ cells, of NCCs migrating
towards heart and gut, and gut NCCs are shown in graphs. DNA was stained with Toto-3. Data are the mean values of the quantiﬁcations from 6 different experiments for
each genotype and are represented as mean7SD. *po0.05, **po0.01, ***po0.001. Scale bars: 100 μm (A, A′, D, D′) and 50 μm (B, B′, E, E′).
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lack Geminin
Sufﬁcient numbers of cells colonizing the gut are generated by
extensive proliferation of NCCs as they enter the foregut (Barlow et al.,
2008; Simpson et al., 2007). In order to identify the potential me-
chanism to explain the aganglionic phenotype observed in mice
lacking Geminin expression in NCCs, we examined the ability of
ENCCs to proliferate in the absence of Geminin. Actively proliferatingprogenitors were determined by BrdU incorporation, following a
single BrdU injection and subsequent immunoﬂuorescence using anti-
BrdU speciﬁc antibodies. The number of YFPþ/BrdUþ ENCCs in the
foregut of E9.5dpc Fl/KO;Wnt1Cre;R26 embryos was 12.370.79%
compared to 45.475.35% in the Fl/WT;Wnt1Cre;R26 (Fig. 4A–C). In
addition to reduced proliferation, increased cell death of ENCCs lack-
ing Geminin was also observed in Fl/KO;Wnt1Cre;R26 embryos.
ENCCs positive for TUNEL staining were increased in the absence of
Geminin expression at E9.5dpc (4.571% in controls versus
Fig. 3. Loss of Geminin leads to intestinal aganglionosis. Whole mount immunoﬂuorescence experiments were performed using antibodies against GFP (green) and the pan
neuronal marker TuJ1 (red) in embryonic guts isolated from E14.5dpc Fl/WT;Wnt1Cre;R26 (A) and Fl/KO;Wnt1Cre;R26 (F) embryos. High magniﬁcation of stomach (B–B″, G–
G″), midgut (C–C″, H–H″; magniﬁed regions are boxed in ﬁgures A and F), ceacum (D–D″, I–I″) and hindgut (E–E″, J–J″; regions boxed in ﬁgures A and F) are shown. Please
note that the esophagus from the mutant gut (F) has been accidentally removed, and is not affected by the deletion of Geminin. Scale bars: 20 mm (A, F) and 200 μm (B–E″,
G–J″).
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(6.171% in controls versus 17.573.2% in Fl/KO;Wnt1Cre;R26, Fig. 4F–
H). Therefore the combined effect of reduced cell proliferation and
increased cell death in ENCCs that lack Geminin could lead to in-
testinal aganglionosis observed in Fl/KO;Wnt1Cre;R26 embryos.
4.4. Reduced number of ENCCs that express Phox2b, c-Ret and Sox10
in the absence of Geminin
Naïve vagal NCCs emigrate from the NT, and subsequently as they
enter the foregut, become committed to the enteric lineage and start
to differentiate into mature neurons and glial cells. ENCCs progres-
sively express a series of markers over time. We investigated the ex-
pression proﬁle of the NCCs from control and mutant embryos in
order to understand their differentiation potential. The transcription
factor Sox10 is expressed in vagal NCCs at the onset of migration and
its expression is maintained in self-renewing enteric progenitor cells
(Hong and Saint-Jeannet, 2005). The population of Sox10þ self-re-
newing ENCCs was examined in transverse sections at the level of the
foregut of E9.5dpc and E10.5dpc control and mutant embryos. Doublelabeled GFP/Sox10þ ENCCs in mutant embryos revealed a 15% de-
crease at E9.5dpc (Fig. 5A–B′,E) and a 27% decrease at E10.5dpc
(Fig. 5C–E), when compared to the control embryos. Transcription
factors such as Phox2b and receptor tyrosine kinase c-Ret expression
are induced in NCCs, as they near the dorsal aorta and invade the
foregut mesenchyme (Durbec et al., 1996; Lo and Anderson, 1995;
Pattyn et al., 1999). Subsequently, a subset of ENCCs, that are still
proliferative and represent neuronal progenitors start to express
transiently the transcription factor, Mash1 (Blaugrund et al., 1996; Lo
et al., 1997). Staining of control and mutant embryos sections revealed
that the percentage of ENCCs that had entered the developing gut and
expressed Phox2bwas reduced from 46.971.4% in control embryos to
11.270.7% in Fl/KO;Wnt1Cre;R26 at E9.5dpc and from 72.571.8% in
controls to 38.571.4% in mutant embryos at E10.5dpc (Fig. 5F–J).
Retþ ENCCs at E9.5dpc corresponded to 51.572.7% in Fl/KO;
Wnt1Cre;R26 compared to 72.272.7% in control mice. At E10.5dpc
Retþ ENCCs decreased from 64.672.2% in control embryos to
47.273.2% in Fl/KO;Wnt1Cre;R26 embryos (Fig. 5K–O). Mash1 ex-
pressing ENCCs were 70% reduced in mutant embryos at E9.5dpc and
76% reduced at E10.5dpc (Fig. 5P–T). These results further emphasize
Fig. 4. Neural crest cells show reduced proliferation and increased cell death in the absence of Geminin. (A–B′) Mouse embryos derived from Fl/WT;Wnt1Cre;R26 and Fl/KO;
Wnt1Cre;R26 mice were pulsed labeled with BrdU for 1 h. Transverse sections, at the level of the gut of E9.5dpc embryos were stained with anti-BrdU and anti-GFP
antibodies. (C) Double positive cells were counted and presented as percentage of total GFP positive cells. (D–G′) TUNEL staining was performed on transverse sections at the
level of the foregut from Fl/WT;Wnt1Cre;R26 and Fl/KO;Wnt1Cre;R26 at E9.5dpc (D–E′) and E10.5dpc (F–G′) embryos, while NCCs were marked using an anti-GFP antibody.
(H) Graph bars diagram indicates the double positive cells as percentage of total GFP positive cells. White and gray bars correspond to Fl/WT;Wnt1Cre;R26 and Fl/KO;
Wnt1Cre;R26 values, respectively. Magniﬁcations of the boxed areas are shown in the insets. Data are the mean values of the quantiﬁcations from 3 different experiments
from each genotype and are represented as mean7SD. ***po0.001, *po0.05. Scale bars: 50 μm.
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Fig. 5. Deletion of Geminin in neural crest cells resulted in reduced enteric precursor cells. Double immunoﬂuorescence experiments were performed on transverse sections
at the level of gut of E9.5dpc and E10.5dpc Fl/WT;Wnt1Cre;R26 and Fl/KO;Wnt1Cre;R26 mouse embryos. Sections were immunostained with anti-GFP, combined with anti-
Sox10 (red, A–D′), anti-Phox2b (red, F–I′), anti-Ret (red, K–N′), anti-Mash1 (red, P–S′). Graph bars show the number of double positive cells as percentage of total GFPþ cells
in Fl/WT;Wnt1Cre;R26 (white bars) and Fl/KO;Wnt1Cre;R26 (gray bars) mice. Magniﬁcations of the boxed areas are shown in the insets. Arrows indicate double labeled cells,
and arrowheads indicate GFP labeled cells only. Data are the mean values of the quantiﬁcations from 3 different experiments and represent mean7SD. *po0.05, **po0.01,
***po0.001. Scale bars: 50 μm.
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Fig. 6. Enteric Neural crest cells lacking Geminin show delayed differentiation into neurons. Cells derived from dissociated guts from Fl/WT;Wnt1Cre;R26 and Fl/KO;
Wnt1Cre;R26 mouse embryos at E11.5, E12.5 and E15.5dpc were subjected to immunoﬂuorescence experiments using anti-GFP (green) and antibodies recognizing the
neuronal markers HuC/D (A–C′), TH (D–D′), and NOS (E–F′). Arrows indicate double labeled cells, and arrowheads indicate GFPþ cells. Magniﬁcations of the boxed cells are
shown in the insets. Histograms depicts double positives: for HuC/D (G) and TH and NOS (H) the percentage of GFPþ cells in Fl/WT;Wnt1Cre;R26 (white bars) and Fl/KO;
Wnt1Cre;R26 (gray bars). Data are the mean values of the quantiﬁcations from at least 3 different experiments from each genotype and represent mean7SD. ***po0.001.
Scale bars: 50 μm.
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Fig. 7. The formation of glial cells is delayed in the absence of Geminin. Dissociated
cells from E15.5 and E18.5 embryonic guts were subjected to immunoﬂuorescence
experiments using anti-GFP, anti-BFABP(A, A′) and anti-GFAP (B, B′). Arrows in-
dicate double-labeled cells, and arrowheads indicate GFPþ cells. Magniﬁcations of
the boxed cells are shown in the insets. (C) Histograms show the number of double
positive cells as a percentage of the total number of GFP cells in Fl/WT;Wnt1Cre;
R26 (white bars) and Fl/KO;Wnt1Cre;R26 (gray bars). Data are the mean values of
the quantiﬁcations from at least 3 different experiments from each genotype and
represent mean7SD. *po0.05, **po0.01, ***po0.001. Scale bars: 50 μm.
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lineage was reduced in the absence of Geminin.
4.5. Enteric NCCs lacking Geminin show delayed differentiation into
neurons and glia cells
During migration of ENCCs along the developing gut, neuronal
differentiation takes place just behind the ENCCs wave front
(Young et al., 2004, 2005). Different subtypes of neurons are
generated sharing distinct functions, morphology and expression
of molecular markers, while glial differentiation is initiated at later
stages and can be identiﬁed a long way behind the migratory wave
front (Young et al., 2003). Our data suggested that NCCs com-
mitted to the enteric lineage were reduced in the absence of Ge-
minin. We therefore wanted to investigate whether the ability of
ENCCs to undergo terminal differentiation in the absence of Ge-
minin was compromised. Generation of neuronal and glial cells
was examined in short-term cultures established from dissociated
guts of individual YFP-expressing embryos. Double immunolabel-
ing experiments were performed using speciﬁc antibodies re-
cognizing GFP and speciﬁc neuronal markers (HuC/D, Tyrosine
Hydroxylase (TH), neuronal Nitric Oxide Synthetase (nNOS) or
speciﬁc markers for glial cells such as brain fatty acid-binding
protein (BFABP) and glial ﬁbrillary acidic protein (GFAP). At
E11.5dpc, 18.471.7% of YFPþ cells co-expressed HuC/D in the gut
of control embryos, in contrast to 8.970.8% in the Fl/KO;Wnt1Cre;
R26 littermates (Fig. 6A–A′,G). At E12.5dpc, the percentage of
YFPþ/HuC/Dþ cells was 25.870.9% in controls versus 17.970.9%
in Fl/KO;Wnt1Cre;R26 (Fig. 6B–B′,G). At E15.5dpc, when NCC mi-
gration is completed, the percentage of HuC/Dþ neurons was si-
milar in control and mutant embryos. Percentage of THþ neurons
was decreased in Fl/KO;Wnt1Cre;R26 gut cultures at E11.5dpc
compared to control (1.370.3% in mutant versus 6.371.2% in
control, Figs. 6D–D′, 6H). At E12.5dpc, the percentage of YFPþ
cells co-expressing nNOS in the gut of Fl/KO;Wnt1Cre;R26 em-
bryos was reduced from 4.470.3% in control embryos to 1.170.6%
in Fl/KO;Wnt1Cre;R26 (Figs. 6E–E′, 6H). However, at E15.5dpc, si-
milar proportion of nNOSþ neurons was detected in guts isolated
from control and mutant mice (Fig. 6F, F′ and H).
To verify whether the defects were restricted to neuronal dif-
ferentiation only, the generation of glial cells was also examined.
Cells from short-term gut cultures derived from E15.5dpc embryos
were immunolabeled with antibodies against GFP and BFABP.
BFABPþ/YFPþ cells derived from Fl/KO;Wnt1Cre;R26 emb-
ryos revealed a 50% reduction compared to control animals
(Fig. 7A–A′,C). BFABF being an early glial differentiation marker, we
also analyzed GFAP as a glial marker in cells taken from myenteric
plexus isolated from E18.5dpc embryos and found a similar per-
centage of glial cells in control and Fl/KO;Wnt1Cre;R26 embryos
(Fig. 7B–B′,C). Our results suggest that in the absence of Geminin
there is a transient delay in neuronal and glial differentiation in
the ENS, suggesting that expression of Geminin is not absolutely
essential for the process of terminal differentiation.
4.6. Maintenance of ENCCs self-renewal capacity in vitro depends on
Geminin activity
Analysis of ENCCs suggested that Geminin is important for the
maintenance of the Sox10þ ENCCs at E9.5dpc and E10.5dpc. In
order to address the question whether ablation of Geminin af-
fected the generation of undifferentiated Sox10þ NCCs that emi-
grated from the NT, we used NT explant cultures, where NCCs
could be maintained as undifferentiated cells and express the
NCCs marker Sox10 (Mundell and Labosky, 2011; Stemple and
Anderson, 1992). We prepared vagal NT explant cultures derived
from E9.0dpc control and Fl/KO;Wnt1Cre;R26 embryos. NTexplants were cultured for 48 h in self-renewal medium and the
expression of Sox10 was assessed by immunoﬂuorescence. In
control cultures 66.574% of NCCs expressed Sox10 but cultures
from mutant embryos contained only 32.675.2% Sox10þ NCCs
(Fig. 8A–C), indicating that Geminin-deﬁcient NCCs were reduced
under conditions that normally maintain undifferentiated NCCs.
Fig. 8. Geminin is required for the generation and maintenance of self-renewing ENS progenitors. Vagal neural tube explants from E9.0dpc embryos were cultured in self-
renewing conditions and were immunolabeled using anti-GFP and anti-Sox10 (A–B′) antibodies. Arrows indicate double labeled cells, and arrowheads indicate GFPþ cells.
Magniﬁcations of the boxed areas are shown in the insets. (C) Graph shows the number of double positive cells as percentage of total GFPþ cells in Fl/WT;Wnt1Cre;R26
(white bars) and Fl/KO;Wnt1Cre;R26 (gray bars). Primary (D–D′) and secondary (F–F′) cultures of enteric precursor cells (EPCs) were prepared from control and mutant
embryos. Bar graphs depict the quantiﬁcation of primary (E) and secondary (G) number of neurospheres, as well as the relative frequency of secondary sphere formation (H).
Data are the mean values of the quantiﬁcation from each genotype and represent mean ± SD. np o 0.05, nnpo0.01. Scale bars: 100 μm (A, A' B, B') and 200 μm (D, D', F, F').
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eration of neurospheres in cultures. Whole guts were dissected
from E11.5dpc control and Fl/KO;Wnt1Cre (mutant) embryos,
dissociated and plated onto ﬁbronectin-coated dishes until Neu-
rosphere like bodies (NLBs) were formed (Bondurand et al., 2003).
In agreement with fewer NCC-derived cells being present in mu-
tant mice (Fig. 2), the number of primary spheres generated from
these animals (sphere frequency) was reduced by 50% as com-
pared to control spheres (Fig. 8D–E). Moreover, the number of
mutant secondary spheres that formed was decreased by 60%
(Fig. 8F–G), while the relative frequency of secondary sphere for-
mation was also decreased by 35% (Fig. 8H), demonstrating a de-
creased self-renewal capacity of NCCs that lacked Geminin ex-
pression. Our results suggest that Geminin is required for self-re-
newal of the NCCs at early stages of NCCs development, when they
emigrate out of the vagal NT as well as at later stages, as they
become committed to ENCCs.5. Discussion
NCCs consist of a multi-lineage population with stem cell
characteristics undergoing fate restriction program during their
migration, under the inﬂuence of intrinsic and extrinsic signaling
cues that include speciﬁc transcription factors, epigenetic factors,
and chromatin remodeling complexes as well as secreted mole-
cules (Nitzan and Kalcheim, 2013; Prasad et al., 2012).
The ENS is formed by NCCs that derive from the vagal and
sacral regions of the NT during early stages of embryonic devel-
opment (Le Douarin and Kalcheim, 1999). Vagal NCCs enter the
anterior part of the gut at E9.0dpc and migrate rostrocaudally,
populating the entire length of the developing gut and giving rise
to the neurons and glial cells comprising the ENS (Natarajan et al.,
1999; Young et al., 1998). During this process, enteric neural crest
derived progenitors (EPCs) undergo extensive proliferation
(Simpson et al., 2007). The maintenance of ENCCs in an un-
committed self-renewing state permits the complete colonization
of the developing gastrointestinal (GI) tube during development,
while reductions in the self-renewing ENCC population may be
one of the reasons for Hirschprung's disease (HSCR), a congenital
disorder characterized by colonic aganglionosis due to incomplete
colonization of the gut.
Geminin is an inhibitor of DNA replication implicated in stem
cell self-renewal and cell fate acquisition decisions (Karamitros
et al., 2010a, 2015; Kroll, 2007; Spella et al., 2011; Symeonidou
et al., 2012). Our ﬁndings reveal an important role for Geminin in
the generation of the ENS during mouse embryogenesis as con-
ditional inactivation of Geminin in NCCs resulted in an aganglionic
GI tract. Our analysis showed that reduced number of “early” NCCs
lacking Geminin delaminated from the vagal region of the NT.
NCCs delaminate from the dorsal part of the NT by undergoing an
epithelial to mesenchymal transition (EMT). Geminin expression
starts as cells enter into S phase, a stage that has been shown to be
essential for the efﬁcient formation of the NCCs (Burstyn-Cohen
and Kalcheim, 2002; Spella et al., 2007; Xouri et al., 2004).
Moreover, a role in EMT and regulation of E-cadherin expression
has been attributed to Geminin during early gastrulation (Emmett
and O'Shea, 2012), which suggests a potential mechanism for the
defects in the generation of early NCCs observed in mice that lack
Geminin expression
As migrating vagal NCCs reach the region of the dorsal aorta
and enter the developing foregut at E9.0–9.5dpc, ENCCs undergo
self-renewing divisions to maintain their population as well as
differentiate into appropriate numbers of neurons and glia re-
quired for the formation of the ENS (Natarajan et al., 1999). Pre-
vious experiments in which a part of the vagal region of the NThad been eliminated resulted in absence of a signiﬁcant part of the
ENS (Barlow et al., 2008; Yntema and Hammond, 1954). Similarly,
in experiments where a small number of the migrating ENCCs was
removed, caused the rest of the cells to migrate at a slower rate
along the GI tube (Young et al., 2004). Moreover, it has been
shown that during migration the increased number of cellular
divisions generated a migration wave that is important for the
ENCCs to colonize successfully the GI tube (Barlow et al., 2012;
Landman et al., 2011; Simpson et al., 2007). Our data showed a
severe reduction in the NCCs numbers that reached the area near
the dorsal aorta and entered the developing foregut at E9.0–
9.5dpc, which contributed to the abnormal colonization of the
whole gut at later developmental stages. In addition, we present
data demonstrating that Geminin might play a role in the main-
tenance of a multipotential NCC population as its ability to self-
renew is severely compromised in the absence of Geminin.
Failure of ENCCs to colonize the entire length of the gut leads to
gut motility disorders in humans, the most common of which is
HSCR. Gene inactivation experiments in mice revealed phenotypes
that are reminiscent of the HSCR, while for several of these genes
mutations have been identiﬁed in human HSCR patients (Heanue
and Pachnis, 2007). Mice lacking Ret, GDNF and GFRa1 demon-
strate total aganglionosis of the gut with the exception of a small
part of the foregut, i.e. esophagus and upper stomach (Cacalano
et al., 1998; Durbec et al., 1996; Pichel et al., 1996; Southard-Smith
et al., 1998; Taraviras et al., 1999). Geminin-deﬁcient NCCs do not
colonize the entire GI tract, and can only migrate into the eso-
phagus, the stomach and a small part of the anterior midgut, im-
plying that Geminin could interfere directly or indirectly with the
Ret signaling pathway and have a role in the development of
Hirschsprung's disease. This hypothesis is further supported by
our results showing that upon Geminin deletion fewer ENCCs
expressing c-Ret, Phox2b and Mash1 are generated, suggesting
defective generation of the committed population.
Another molecule that seems to have a similar role as Geminin
is the transcription factor Foxd3 (Mundell and Labosky, 2011),
which is one of the ﬁrst proteins expressed in premigratory and
migrating NCCs, but its expression is decreased in the NCC deri-
vatives (Dottori et al., 2001; Labosky and Kaestner, 1998). NC-
speciﬁc deletion of Foxd3 revealed that it played a crucial role in
maintaining newly generated NCCs in an uncommitted, multi-
potent state and negatively regulated myoﬁbroblast differentiation
(Mundell and Labosky, 2011; Teng et al., 2008). Interestingly, de-
leting Foxd3 in NCCs leads to the absence of ganglion in the GI
tract (Teng et al., 2008), a phenotype similar to inactivating Ge-
minin in NCCs.
The Polycomb Repressive Complexes (PRC) 1 and 2 regulate
lineage commitment by repressing developmental regulators and
subsequently controlling the proliferation and differentiation of
stem cells (Boyer et al., 2006; Margueron and Reinberg, 2011;
Pardal et al., 2005), while proteins that participate in the PRC2
complex are required for the generation of neural crest derivatives
(Kim et al., 2011; Morgan et al., 2004; Schwarz et al., 2014; Tien
et al., 2015; Tomotsune et al., 2000). It was previously shown that
Geminin is able to bind to Hoxd11 regulatory sequences and di-
rectly interacts with PcG members, while it regulates the ros-
trocaudal axis of expression in Hox genes during chicken embry-
ogenesis (Luo et al., 2004). Moreover, in cooperation with PRC2
Geminin participates in fate commitment decisions (Caronna et al.,
2013; Karamitros et al., 2015; Lim et al., 2011). Besides Polycomb
complex other epigenetic factors can also modulate the generation
of NCCs. The BAF complex and Brg1 regulate NC development by
controlling proliferation, migration and survival (Li et al., 2013).
Brg1, the catalytic subunit of the SWI/SNF chromatin remodeling
complex, has previously been shown to interact with Geminin
during mouse CNS development and this interaction maintains
A. Stathopoulou et al. / Developmental Biology 409 (2016) 392–405404neural progenitors in an undifferentiated state (Roukos et al.,
2007; Seo et al., 2005). It is therefore plausible that interaction
between Geminin and the Polycomb group complex proteins or
Brg1 could regulate the self-renewal and the generation of cell fate
committed progenitor populations of the ENS.
Among the extrinsic signals that regulate proliferation of NCCs,
ﬁbroblast growth factor 2 (FGF2) has been shown to act as a mi-
togenic factor for the NCCs before they enter the foregut. Upon
entering into the gut, ENCCs start to express EGF receptor and
become dependent on EGF (Fuchs et al., 2009). Thus, Geminin
could act downstream of these growth factors regulating ENCC
proliferation during the early developmental stages, since Gemi-
nin-deﬁcient NCCs are decreased when they delaminate from the
NT (based on our results from the NT explant cultures), as well as
when they enter the developing gut, when they depend on EGF.
In summary, we have identiﬁed Geminin as a novel regulator in
the generation of the enteric nervous system during mouse de-
velopment. Our results suggest that Geminin regulates the gen-
eration and self-renewal of enteric lineage-committed neural crest
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